Introduction {#S0001}
============

Despite the progress in medicine, the aetiology of inflammatory bowel diseases (IBD), which are primarily Crohn\'s disease (CD) and ulcerative colitis (UC), still remains unclear. What is more, the incidence of IBD, especially CD, is still increasing and the highest rates are found in the industrialised countries. It is worrying that in recent years the age of onset is still decreasing and a significant increase in morbidity has been observed among children and adolescents. In the paediatric population the diagnosis is made mainly between 5 and 16 years of age, although IBD occurs more often also among toddlers and infants \[[@CIT0001], [@CIT0002]\].

It is believed that the disease process develops as a result of interactions of genetic, environmental, and immunological factors. Also, changes in the composition of the intestinal microflora are crucial in the pathogenesis of IBD \[[@CIT0003]--[@CIT0005]\]. Diet is a major factor affecting enteric flora, and several studies have considered the role of specific nutrients in the development of IBD and in the course of the disease. The so-called Western diet, which is characterised by high dietary intake of monosaccharides and disaccharides and low intake of dietary fibre, has been linked with increased risk of both CD and UC in many studies \[[@CIT0006]\].

Dietary fibre is an especially important component of diet in the context of IBD. A potentially protective effect of a high-fibre diet on intestinal disorders was pointed out by Burkitt in 1973 \[[@CIT0007]\] when he worked in African countries and observed a low incidence of colon cancer and other non-infectious intestinal diseases among the inhabitants, whose diet was normally rich in dietary fibre. However, it is commonly observed that patients with IBD are permanently on a low-fibre diet, regardless of disease activity \[[@CIT0008], [@CIT0009]\]. The European Crohn\'s and Colitis Organisation emphasised that continuation of a regular diet is recommended during mildly to moderately active disease, both in UC and CD patients. The fibre-restricted diet should always be used only on a temporary basis, and it is indicated in a few cases, which are acute relapse (with diarrhoea, cramping), intestinal stenosis, and small intestinal bacterial overgrowth and after some types of surgery. Clinical practice guidelines summarising dietary advice regarding fibre intake in IBD (taking into account disease activity) are shown in [Table I](#T0001){ref-type="table"} \[[@CIT0010]\].

###### 

Clinical practice guidelines summarising dietary advice regarding fibre intake in IBD. Based on \[[@CIT0010]\]

  Phases/states of the IBD                                                                 Guidelines
  ---------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Moderate/severe disease activity, fistulas, strictures, after surgery (e.g. colectomy)   Low-fibre diet, especially without:whole-grain products, brown rice, wild rice, brancorn, corn hulls, popcornnuts, seedsraw fruits, fruits with seeds (except peeled apple, ripe banana and melon)beansraw vegetables, potatoes with skinsprune juice
  Periods of no symptoms, no or mild disease activity                                      Slow reintroduction of high-fibre foods one at a time in small amounts, to meet AI[\*](#TF0001){ref-type="table-fn"} recommendations for dietary fibre
  Ulcerative proctitis                                                                     Consider high-fibre diet in case of constipation

AI -- Adequate intake for age and gender.

It is the intention of the authors of this paper to review available data about the potential anti-inflammatory role of dietary fibre in the course of IBD.

Dietary fibre -- a definition {#S0002}
=============================

According to the American Association of Cereal Chemists (AACC), dietary fibre is "the edible parts of plants or analogous carbohydrates that are resistant to digestion and absorption in the human small intestine, with complete or partial fermentation in the large intestine". In compliance with this definition dietary fibre includes non-starch polysaccharides and resistant oligosaccharides (e.g. cellulose, hemicelluloses, pectin), analogous carbohydrates (e.g. resistant potato dextrins), lignin, and substances associated with the non-starch polysaccharide and lignin complex in plants (e.g. waxes, cutin) \[[@CIT0011]\]. The Codex Alimentarius Commission (CAC) definition from 2009 is that "dietary fibre means carbohydrate polymers with three or more monomeric units, which are neither digested nor absorbed in the small intestine of humans" and this is the main, current, operative definition ofdietary fibre around the world \[[@CIT0012]\]. It is worth mentioning that there are many other, considered definitions, and lately Jones \[[@CIT0013]\] made a concentrated review of the literature on this topic.

Of the main types of dietary fibre, the most important, from a physiological point of view, are water soluble (e.g. fructans, pectin, β-glucan) and water insoluble (e.g. cellulose, some hemicelluloses, lignin) dietary fibres. Although in 1998 the experts of the Food and Agriculture Organisation of the United Nations/World Health Organisation (FAO/WHO) proposed to withdraw this division due to the fact that the solubility is not always associated with a particular physiological effect \[[@CIT0014]\], this division is still used and current. Dietary fibre can be then divided into fractions that are rapidly fermented (e.g. oligosaccharides), slowly fermented (e.g. gums), and those that are hardly fermented, like wheat bran.

Soluble fibre is a type of fibre that dissolves in water. It attracts the water to form a viscous gel and it tends to slow the colonic transit time. Almost all of the soluble fibre fractions are completely fermented in the large bowel. Non-fermentable water-insoluble fibres increase the volume of stool and by mechanical stimulation/irritation of gut mucosa decrease faecal transit time. Fermentable insoluble fractions, such as some forms of resistant starch (RS), undergo partial fermentation by the gut microbiota. Resistant starch is the sum of starch and starch degradation products that are not digested and absorbed in the small intestine and get unaltered into the colon \[[@CIT0015]\]. Resistant starch has been categorised into four types (RS1--4). It can bring some of the benefits of water-insoluble fibre and some of the benefits of water-soluble fibre.

During bacterial fermentation of non-digestible dietary fibreshort chain fatty acids (SCFA), mainly acetate, propionate, and butyrate, and gases: carbon dioxide, hydrogen, and methane, are produced. Butyrate is considered to be the main energy substrate for colonocytes and a factor that stimulates their growth and differentiation. The RS is regarded as the most butyrogenic ([Table II](#T0002){ref-type="table"}) \[[@CIT0016]\]. In general SCFA are considered to be crucial in maintaining intestinal homeostasis, and the best-known mechanism of their action is the inhibition of proinflammatory mediator activities in the intestinal epithelium \[[@CIT0017]\]. Some examples of dietary fibre content in food are shown in [Table III](#T0003){ref-type="table"} \[[@CIT0018]\]. As well as natural sources of fibre there are widely available fibre supplements that are considered to be a form of a subgroup of functional dietary fibre. According to the Institute of Medicine (IOM), functional fibre "consists of isolated, non-digestible carbohydrates that have beneficial physiological effects in humans", and it may be isolated or extracted using chemical, enzymatic, or aqueous steps \[[@CIT0019]\]. Fibre supplements are available in powders, tablets, and capsules. The most common sources of fibre in available supplements are natural, such as psyllium, glucomannan, inulin, wheat dextrin, or flax, and synthetic, such as methylcellulose and calcium polycarbophil.

###### 

Substrates for the production of each SCFA (% of total SCFA production) \[[@CIT0016]\]

  Substrate          Butyrate   Acetate   Propionate
  ------------------ ---------- --------- ------------
  Resistant starch   38         41        21
  Oat bran           23         57        21
  Wheat bran         19         57        15
  Cellulose          19         61        20
  Guar gum           11         59        26
  Pectin             9          75        14

###### 

Examples of dietary fibre content in food (g/amount) \[[@CIT0018]\]

  Content                           Amount (weight)    Total fibre \[g\]   Insoluble fibre \[g\]   Soluble fibre \[g\]
  --------------------------------- ------------------ ------------------- ----------------------- ---------------------
  Fruits:                                                                                          
   Apple, fresh with skin           1 medium (138 g)   3.73                2.76                    0.97
   Banana, fresh or ripe            1 medium (118 g)   2.83                2.12                    0.71
   Cranberries, dried               1 C (120 g)        6.01                4.44                    1.56
   Kiwi                             1 medium (76 g)    2.58                1.98                    0.61
   Mango, fresh                     1 each (207 g)     3.73                2.19                    1.53
   Orange, fresh                    1 medium (131 g)   3.14                1.31                    1.83
   Strawberries, fresh              1 C (144 g)        3.31                2.45                    0.86
  Vegetables:                                                                                      
   Asparagus, cooked                1 C (180 g)        2.88                1.44                    1.44
   Broccoli, cooked from fresh      1 C (156 g)        4.68                2.34                    2.34
   Carrot, raw                      1 C (110 g)        3.30                1.65                    1.65
   Carrot, cooked from fresh        1 C (156 g)        5.15                2.96                    2.18
   Cauliflower, cooked from fresh   1 C (125 g)        3.37                2.50                    0.87
   Corn, cooked                     1 medium (100 g)   2.80                2.30                    0.50
   Lentils, cooked from dried       1 C (198 g)        15.64               14.45                   1.19
   Potato, boiled without skin      1 C (156 g)        2.81                1.20                    1.61
   Sauerkraut                       1 C (236 g)        5.90                3.85                    2.05
  Grains:                                                                                          
   Bread, multigrain                1 slice (26 g)     1.79                1.48                    0.31
   Bread, pumpernickel              1 slice (26 g)     1.51                0.73                    0.78
   Millet, cooked                   1 C (240 g)        6.48                5.26                    1.22
   Oat bran                         1 C (219 g)        5.67                3.02                    2.65
   Oatmeal, regular cooking         1 C (234 g)        3.98                2.13                    1.85
   Rice brown, cooked               1 C (195 g)        3.51                3.28                    0.23
   Wheat bran                       1 C (64 g)         27.39               25.22                   2.18
  Others:                                                                                          
   Almonds                          1 C (142 g)        15.90               14.34                   1.56
   Flax seeds                       1 C (114 g)        25.46               11.57                   13.98
   Dark chocolate                   1 oz (28.35 g)     1.67                1.60                    0.07
   Sunflower seeds                  1 C (128 g)        13.44               10.75                   2.69
   Potato chip                      1 oz (28.35 g)     1.31                0.56                    0.75

Dietary fibre in animal models of inflammatory bowel diseases {#S0003}
=============================================================

So far, many studies in experimental animal models of IBD have been conducted, evaluating the anti-inflammatory effect of different fractions of fibre. In most studies the therapeutic effect has been linked with an increased luminal production of SCFA (especially butyrate) after the administration of appropriate sources of dietary fibre. These studies are summarised in the next sections.

In the trinitrobenzenesulfonic acid (TNBS) model of rat colitis, administering a fibre-supplemented diet (5% *Plantago ovata seeds*) for two weeks prior to TNBS-colitis induction, and thereafter for 1 week, contributed to a significant reduction of intestinal inflammation. The anti-inflammatory effect was associated with lower tumour necrosis factor α (TNF-α) levels and lower nitric oxide synthase (NOS) activity in the large intestine as compared with non-treated colitic rats. Furthermore, it was observed that the study group had higher concentrations of the SCFA (mainly butyrate and propionate) in the intestinal contents \[[@CIT0020]\]. In HLA-B27 transgenic rats, administering a diet enriched with *Plantago ovata* seeds for 13 weeks resulted in a significant decrease in some of the pro-inflammatory mediators, such as NOS, leukotriene B4, and TNF-α. As in previous studies, fibre-treated colitic rats had higher concentrations of butyrate and propionate in the intestinal contents than the control group \[[@CIT0021]\].

Oral inulin supplementation (1% in drinking water, or 400 mg/day) reduced the severity of dextran sodium sulphate (DSS) colitis in rats, as evidenced by significantly lower lesion scores, decreased release of mediators, and lower tissue myeloperoxidase (MPO) activity compared with a control group. Oral inulin also lowered colonic pH (pH \< 7.0) and increased counts of lactobacilli \[[@CIT0022]\]. In HLA-B27 transgenic rats the anti-inflammatory effect of oral supplementation of oligofructose-enriched inulin (OF-IN) was associated with alterations to the gut microbiota (significant increases in caecal *Lactobacillus* and *Bifidobacterium*), decreased tissue proinflammatory cytokines, and increased immunomodulatory molecules \[[@CIT0023]\]. Short chain fructo-oligosaccharides (SC-FOS) supplementation in the TNBS model of colitis resulted in a decrease of MPO activity, lower leukotriene B4 production, and lower NOS expression. The anti-inflammatory effect was also evaluated macroscopically, and a significant reduction was observed in the extent of colonic damage. Also SC-FOS affected the composition of intestinal microflora by increasing *Lactobacilli* and *Bifidobacteria* counts \[[@CIT0024]\]. Short-chain inulin-like fructans with degree 4 of polymerisation (DP4) have accelerated the healing process of TNBS-induced colitis in rats. The DP4 supplementation resulted in a decrease in MPO activity and an increase in *Lactobacilli* and *Bifidobacteria* counts. In addition, there was an increase in faecal SCFA concentrations, propionate in particular \[[@CIT0025]\]. Supplementation of fructo-oligosaccharides (FOS) in HLA-B27 transgenic rats significantly reduced colitis and increased *Bifidobacteria* in all FOS-fed rats. Whereas only in 50% of inulin-fed rats was intestinal inflammation decreased. In the faecal samples of both groups a decrease of total bacteria and *Clostridium cluster* XI and decrease of gene copies of *Clostridium difficile* toxin B were observed. The changes were positively correlated with a reduction of chronic intestinal inflammation \[[@CIT0026]\].

In DSS-induced colitis model, supplementation of RS resulted in a significant improvement of caecal and distal colonic mucosa, assessed macroscopically and histologically. The healing effect was associated with significantly higher amounts of butyrate in the cecum of the RS-DSS rats \[[@CIT0027]\]. The RS is regarded as butyrogenic in particular.

Kanauchi *et al*. \[[@CIT0028]\] and Araki *et al*. \[[@CIT0029]\] showed that oral supplementation of germinated barley foodstuff (GBF), which is rich in glutamine and low-lignified hemicelluloses, in DSS-induced colitis in rats prevented mucosal damage and increased mucosal protein and RNA contents compared to the control group. It was also shown that GBF had an inhibitory effect on mucosal mast cells, thereby preventing lesions of the intestinal submucosa.

Dietary fibre studies in humans {#S0004}
===============================

In 1978 Davies and Rhodes \[[@CIT0030]\] performed a study evaluating the impact of high-fibre diet on maintaining clinical remission in patients with UC. Patients in remission were divided into two groups. The first group (*n* = 15) continued on sulfasalazine without any changes in diet while the second group (*n* = 24) increased dietary fibre intake by including whole-wheat bread, vegetables, and 25 g of wheat bran per day. The diet was well tolerated by the majority of patients, so they discontinued sulfasalazine after 2 weeks of the study. Only 4 patients were unable to tolerate the high-fibre diet, and they were excluded from the study. Control visits were determined after 1, 3, and 6 months from the start of the intervention. Relapses were observed in 20% of patients on sulfasalazine and in 75% of patients on the high-fibre diet. The conclusion of the authors was that the high-fibre diet did not maintain remission in patients with UC. No beneficial effect was associated with the type of fibre used. Whole-wheat food is mainly composed of water-insoluble and non-fermentable fibre. Furthermore, it appears that dietary fibre can only be one of the elements in UC therapy and cannot replace the use of appropriate drugs.

Hallert *et al*. \[[@CIT0031]\], in their placebo-controlled trial, showed that supplementation of *Plantago ovata* husk may relieve gastrointestinal symptoms in patients with UC in remission. After 4 months of intervention, most of the patients from study group (69%) reported alleviation of symptoms compared with a placebo-control group (24%). The differences were statistically significant (*p* \< 0.001). In another clinical trial, the effect of *Plantago ovata* seeds on maintaining clinical remission in patients with UC was assessed. A total of 105 patients in remission were randomly assigned to one of three groups to receive *Plantago ovata* seeds (10 g twice daily), mesalamine (0.5 g three times a day), and *Plantago ovata* seeds plus mesalamine at the same doses as the previous groups. The study included 102 patients. After 12 months, failure in maintenance of remission was observed in 40% of patients from the *Plantago ovata* seeds group, 35% in the mesalamine group, and 30% in the *Plantago ovata* plus mesalamine group. The results demonstrated the similar effectiveness of all therapies in maintaining remission in patients with UC and the good tolerance of the dietary fibre used. In addition, increased butyrate concentrations in the stools of patients from *Plantago ovata* seeds group were observed (*p* = 0.018) \[[@CIT0032]\].

In a randomised, double-blind, crossover design study, 20 patients with asymptomatic *pouchitis* received 24 g per day of inulin or placebo for 3 weeks. After the intervention it was observed that the inulin supplementation resulted in a reduction of disease activity both in endoscopic and histological assessment (pouchitis disease activity index -- PDAI). Inulin increased butyrate concentrations, lowered colonic pH, and decreased the number of *Bacteroides fragilis* and concentrations of secondary bile acids in faeces \[[@CIT0033]\]. In another randomised, placebo-controlled trial 67 patients with inactive and mild to moderately active CD were randomised to receive oligofructose-enriched inulin (OF-IN) or placebo 10 g twice daily for 4 weeks. The OF-IN supplementation resulted in a significant decrease in *Ruminococcus gnavus* and a significant increase in the number of *Bifidobacterium longum*. Moreover, in the subgroup of patients with active CD there was a positive correlation between improvement in disease activity and an increase in the number of *Bifidobacterium longum*. The authors demonstrated that the CD-associated dysbiosis can be modified by OF-IN supplementation in patients with inactive and mild to moderately active CD \[[@CIT0034]\]. A prospective, randomised, placebo-controlled pilot trial was conducted in a group of 19 patients with a relapse of mild to moderate activity of UC. They were on the same therapy with mesalamine (3 g per day) and they were randomly allocated to receive OF-IN (12 g per day) or placebo (12 g per day) for 2 weeks. OF-IN was well tolerated, and the dyspeptic symptoms scale decreased significantly with active treatment but not with placebo. At day 7 of intervention there was observed an early significant reduction of faecal calprotectin concentrations in the study group but not in the placebo group, so the anti-inflammatory effect of OF-IN was demonstrated.

The safety and efficacy of GBF supplementation has also been studied in some clinical trials in patients with UC. In a pilot study, 10 patients with mild to moderate active UC, who had been unresponsive to or intolerant of standard treatment, received 30 g GBF (three times daily) for 4 weeks. After 4 weeks of GBF supplementation there was a significant improvement in clinical activity and endoscopic index scores. Furthermore, a significant increase in stool butyrate concentrations was observed \[[@CIT0035]\]. In another study, 59 patients with UC in remission, assessed according to Rachmilewitz\'s clinical activity index (CAI), were divided into a control group (*n* = 37), which received standard treatment (glucocorticosteroids), and into a study group (*n* = 22), which received standard treatment plus 20 g GBF per day. Checkpoints were determined after 3, 6, and 12 months from the start of the intervention. Significantly lower CAI values and a lower percentage of relapses were observed in the study group, compared with the control group. The researchers concluded that GBF supplementation appeared to be safe and effective. It resulted in glucocorticosteroid dose reduction and it prolonged remission in patients with UC \[[@CIT0036]\]. Faghfoori *et al*. \[[@CIT0037]\] conducted a pilot study assessing the effect of GBF supplementation on serum CRP levels and frequency of clinical signs (number of diarrhoea episodes, degree of visible blood in stools, degree of abdominal pain or cramping, nausea, vomiting, and anorexia) in 46 patients with UC in remission. Patients were randomly assigned to the control group (*n* = 23) on standard therapy and study group (*n* = 23) on standard therapy plus GBF supplementation (30 g per day, three times in a day). At 2 months there was a significant decrease in mean serum CRP levels (*p* = 0.017) in the GBF group. There was a statistically significant reduction only in the frequency of abdominal pain and cramping (*p* = 0.016); however, a decrease in the frequency of all clinical signs in the study group was observed, compared to the control group.

The authors of all of the presented GBF trails reported that there were no side effects related to GBF supplementation.

Hallert *et al*. \[[@CIT0038]\] conducted a pilot study that evaluated the safety and efficacy of a high-fibre diet in 22 patients with UC in remission (median time from last relapse, one year before the intervention). The patients were recommended to add 60 g of oat bran per day (corresponding to 20 g dietary fibre) to the diet for 3 months. The oat bran supplementation resulted in a statistically significant increase in the faecal SCFA concentration, in particular butyrate. None of the patients in the study group reported gastrointestinal complaints and there were no colitis relapses. The trial demonstrated a good tolerance of oat bran intervention and its efficacy in increasing faecal SCFA concentrations in patients with UC who were in remission period.

Conclusions {#S0005}
===========

Existing IBD guidelines from the Academy of Nutrition and Dietetics (formerly the American Dietetic Association), World Gastroenterology Organisation, and the Crohn\'s & Colitis Foundation of America \[[@CIT0010]\], regarding fibre intake, are very cautious: they all agree that dietary fibre consumption should not be limited in IBD patients in remission (except patients with strictures of the bowels).

Based on studies summarised in the article, dietary fibre shows significant clinical benefits in patients with IBD. Supplementation of some types of dietary fibre can help to maintain remission and reduce lesions of the intestinal mucosa during the course of the disease. The described effects are primarily associated with increased luminal production of SCFA after administering dietary fibre. SCFA have immunomodulatory properties, they accelerate healing and regeneration processes of the intestinal epithelium, and they lower colonic pH thereby stimulating growth of the beneficial microflora and inhibiting growth of the pathogens. Undoubtedly, more well-planned studies are need to establish whether dietary fibre plays an important role in IBD therapy or not.
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